Aberrant formation of interstitial telomeric sequences (ITSs) promotes genome instabilities. However, it is unclear how aberrant ITS formation is suppressed in human cells. Here, we report that MLH1, a key protein involved in mismatch repair (MMR), suppresses telomeric sequence insertion (TSI) at intrachromosomal regions. The frequency of TSI can be elevated by double-strand break (DSB) inducer and abolished by ATM/ATR inhibition. Suppression of TSI requires MLH1 recruitment to DSBs, indicating that MLH1's role in DSB response/repair is important for suppressing TSI. Moreover, TSI requires telomerase activity but is independent of the functional status of p53 and Rb. Lastly, we show that TSI is associated with chromosome instabilities including chromosome loss, micronuclei formation and chromosome breakage that are further elevated by replication stress. Our studies uncover a novel link between MLH1, telomerase, telomere and genome stability.
INTRODUCTION
Telomeres are specialized structures that play an essential role in maintaining genome stability. In humans, telomeric DNA is made up of ∼3-15 kb of (TTAGGG) n tandem repeats oriented 5 →3 toward the end of the chromosome. The six-member protein complex known as shelterin binds to telomeric DNA and promotes the formation of the 'capping' structure, preventing chromosome ends from being recognized as damaged DNA (1) . Telomere dysfunction, induced either by loss of telomeric DNA or by deficiency in telomere binding proteins, 'uncaps' chromosome ends and activates the ATM/ATR DNA damage response pathways, resulting in unwanted DNA repair activities at telomere ends that lead to genome instabilities such as end-to-end chromosome fusions, inappropriate recombination, and exonucleolytic degradation. Therefore, telomere instability is critically linked to cancer development (2) .
While canonical telomeric repeats are predominantly found at chromosome termini, interstitial telomeric sequences (ITSs) also exist at intra-chromosomal loci in some vertebrate species including Homo sapiens (3, 4) . Previous studies have shown that these sequences are prone to chromosome breakage, recombination and rearrangement (5) (6) (7) . In addition, the presence of TTAGGG repeats at intrachromosomal regions is linked to genome instabilities involving chromosome recombination, translocation, and rearrangements (8) (9) (10) (11) (12) (13) . Thus, erroneous intra-chromosomal insertion of telomeric sequences is normally repressed to keep the genome stable. It has been described recently that in telomerase-negative cancer cells that use recombination for telomere maintenance (the so-called ALT cells), telomeric DNA can be added to discrete sites throughout the genome when nuclear receptor NR2C/F is deficient, suggesting that NR2C/F plays an important role in suppressing telomere sequence insertion in ALT cells (13) . Interestingly, the NR2C/F-regulated telomere insertion is specific to ALT cells, and NR2C/F deficiency does not appear to induce such insertion in non-ALT cancer cells including telomerase-expressing cancer cells (13) . Hence, the mechanism for preventing telomere insertion in non-ALT cells remains unknown.
While we were investigating the function of the MMR protein MLH1 in telomere maintenance, we unexpectedly observed the involvement of MLH1 in suppressing telomeric sequence insertion (TSI) at intra-chromosomal regions in telomerase-positive cells. The MMR system, consisting of multiple homologs of MutS and MutL, EXOI, PCNA, RPA, DNA polymerase ␦ and DNA ligase I, is an essential pathway in maintaining genome stability (14) . It corrects single nucleotide mismatches or small insertion/deletion loops that often arise during DNA replication. Defects in MMR proteins increase spontaneous mutation rate and lead to microsatellite instability, giving rise to cancer (14, 15) . In fact, deficiency in MMR genes is the leading cause of Lynch syndrome, also known as hereditary non-polyposis colorectal cancer (HNPCC). Aside from their role in repairing DNA base pairing errors, MMR proteins participate in several MMR-unrelated DNA metabolism pathways that are important for safeguarding genome integrity. First, various MMR proteins mediate DNA damage response and are involved in signaling checkpoint activation. They promote cell cycle arrest and/or programmed cell death in response to certain types of DNA damage. Deficiency in MMR genes often leads to the development of anti-cancer drug resistance (16) (17) (18) (19) (20) (21) . Second, MMR proteins inhibit homeologous recombination (recombination between related but non-identical DNA sequences) (22) (23) (24) (25) (26) , although the mechanism is unclear. In cells with MMR defects, the rate of recombination between diverged sequences at double-stranded breaks (DSBs) increases dramatically, leading to gene conversions at recombined sites. Such error-prone recombination events further contribute to genome instability and tumorigenesis. Third, several reports implicate a role of MMR proteins especially MLH1 in modulating non-homologous end joining (NHEJ). Upon irradiation or exposure to radiomimetic chemicals, MLH1, MSH2, MSH3, MSH6 and PMS2 are recruited to damaged sites (27, 28) , although the function of these proteins in modulating NHEJ remains unclear (29) . Finally, MLH1 has specific roles in meiotic recombination (30, 31) , class switching, and somatic hypermutation (32, 33) .
Here, we report that MLH1 deficiency induces TSI in multiple telomerase-expressing cancer cell lines and telomerase-immortalized fibroblasts. The frequency of TSI is further elevated by a DSB inducer, but abrogated by ATM or ATR inhibition, suggesting that TSI is likely under the control of the ATM/ATR damage response pathway. Using domain-specific mutants, we find that MLH1 recruitment to DSBs is needed for suppressing TSI, supporting the idea that MLH1 suppresses TSI in response to DNA damage. Importantly, analysis of TSI with telomerase inhibition and in cells deficient in p53 or Rb reveals that TSI is dependent on telomerase activity but not affected by the functional status of p53 or Rb. Our data also suggest that the newly-formed ITSs are unstable, and there is perhaps an equilibrium between TSI formation and TSI loss. Additionally, we show that TSI correlates with genome instabilities including chromosome loss, micronuclei formation, and chromosome breakage that are further elevated by replication stress. Despite MLH1's role in TSI suppression, MLH1 deficiency induces no obvious telomere dysfunction in telomerase-positive cells under unchallenged condition, suggesting that MLH1 plays a minimal role in telomere maintenance. Our findings suggest that MLH1 suppresses the formation of intra-chromosomal telomeric sequences that likely originates from aberrant addition of telomeric repeats by telomerase, and provide new insights into the potential mechanism of carcinogenesis associated with MLH1 deficiency.
MATERIALS AND METHODS

Plasmids
pBabe-hygro-FLAG-MLH1 was constructed by PCR amplifying FLAG-MLH1 cDNA from pcDNA6-FLAG-MLH1 (21) , and then cloning into the EcoRI site of pBabehygro. QuikChange Site-directed Mutagenesis kit (Agilent) was used to introduce mutations at shRNA targeting region in pBabe-hygro-FLAG-MLH1 to create RNAi-resistant MLH1. The resulting pBabe-hygro-FLAG-MLH1 was then used as a template to construct pBabe-hygro-FLAG-MLH1 N-terminus mutant (2-389 amino acids) and pBabe-hygro-FLAG-MLH1 C-terminus mutant (390-756 amino acids) using the QuikChange Site-directed Mutagenesis kit (Agilent). All constructs were sequenced to ensure sequence accuracy.
RNA interference
MLH1 shRNA sequences targeting GGGGGAAGTTAT CCAGCGG (sequence 1) and TTGGATGTGAGGATAA AAC (sequence 2) were used. The corresponding shRNA sequence was cloned into pSIREN-retro-puro (Clontech). Infection and selection were performed following the manufacturer's protocol.
Cell culture
HeLa, BJ/E6E7, BJ/E6E7/hTERT and BJ/hTERT cells were passaged in DMEM supplemented with 10% cosmic calf serum (Hyclone) at 37
• C containing 5% CO 2 . HCT116 and HCT116
MLH1 were cultured in McCOY'S media supplemented with 10% fetal bovine serum. HCT116 MLH1 was cultured in the presence of G418 (0.3 mg/ml) to maintain stable expression of MLH1. HeLa cells stably expressing full length or truncated FLAG-MLH1 were generated by retroviral transduction followed by hygromycin selection.
Materials
The following agents were used: etoposide (Sigma), aphidicolin (Sigma), ATM inhibitor KU55933 (Sigma), ATR inhibitor VE-821 (EMD Millipore), BIBR1532 ((E)-2-(3-(naphthalen-2-yl)but-2-enamido)benzoic acid, Shelleckchem) and MNNG (N-methyl N'-nitro-Nnitrosoguanidine, Toronto Research Chemicals). All agents were dissolved in DMSO and stored under sterile conditions at −20
• C in dark.
Antibodies
The following primary antibodies were used: monoclonal anti-MLH1 (ThermoFisher), rabbit polyclonal anti-FLAG (Cell Signaling), monoclonal mouse anti-actin (BD Biosciences), rabbit polyclonal anti-53BP1 (Novus), rabbit anti-phospho-Chk1 (Ser317) (Cell Signaling), rabbit anti-phospho-Chk2 (Thr68) (Cell Signaling), rabbit anti-Chk1(Cell Signaling), rabbit anti-Chk2 (Cell Signaling), mouse anti-retinoblastoma (Rb) (BD Pharmingen), mouse anti-p53 (Santa Cruz). Secondary antibodies were horseradish peroxidase conjugated anti-mouse IgG and anti-rabbit IgG (BD Biosciences) for western blotting, Dylight 488-anti-mouse IgG (ThermoFisher) and Dylight 549-anti-rabbit IgG (ThermoFisher) for immunofluorescence. 
Immunofluorescence (IF)
Cells were grown in chamber slides and fixed with 4% paraformaldehyde, permeabilized with 0.15% Triton X-100, blocked with 3% BSA at 37
• C for 1 h in humidified chamber, incubated with primary antibodies for overnight at 4
• C, washed with PBS three times, and then incubated with secondary antibody at 37
• C for 1 h. Z-stack images were taken at a 0.275 M thickness per slice under Zeiss AxioImager M2 epifluorescence microscope with a 100× oil objective.
MTT assay
HeLa-shLUC, HeLa-shMLH1, HCT116 and HCT116 MLH1 cells (2500 cells per ml) were seeded in 96-well plates for 24 h. Fresh media containing MNNG at indicated concentrations were added. After 20 h of treatment, MTT (5 mg/ml) was added into each well. Following 4 h of incubation, media was removed, and 150 l of DMSO was added to dissolve the formazan granules generated by live cells. The plate was then shaken for 10 min at r.t., and the optical densities at 490 nm was measured by Synergy H1 microplate reader (BioTek).
Terminal restriction fragment (TRF) analysis
Telomere length was determined by TRF analysis as described (34) . Briefly, genomic DNA was isolated using DNeasy kit (Qiagen), digested with a mixture of four enzymes (RsaI, CfoI, AluI, HinfI) at 37
• C overnight, and resolved on a 0.7% 1× TAE agarose gel (20 cm × 24cm) at 65 V (15 h). The gel was then denatured for 30 min in 1.5 M NaCl/0.5 M NaOH, neutralized for 15 min in 1.5 M NaCl/0.5 M Tris-HCl pH8.0, and dried at 55
• C for 1.5 h. The gel was then hybridized to a 32 P-labeled (TTAGGG) 3 probe at 42
• C overnight, washed twice in 0.1% SDS/0.1× SSC for 15 min each time, and radioactive signals from telomeric repeats were acquired with PhosporImager (GE Healthcare).
FISH and quantitative-FISH (Q-FISH)
Metaphase cell collection and FISH were performed as previously described (35) . For shRNA expressing cells, cells were collected 7-8 days after puromycin selection for metaphase preparation. For HeLa, HCT116 and HCT116 MLH1 , cells were treated with 3 M etoposide, recovered for 24 h, treated with colcemid (0.1 g/ml), and metaphase cells were collected. For BJ/E6E7, BJ/hTERT and BJ/E6E7/hTERT, cells were treated with 2 M etoposide for 2 h, followed by 24 h recovery prior to preparation of metaphase spreads. Images were acquired with a Zeiss AxioImager M2 epifluorescence microscope with a 100× oil objective. During image analysis, unprocessed monochrome images were examined to locate all TSIs, since black/white offers the greatest contrast for human eyes to identify inserted telomeric sequences. Q-FISH was performed as described (36, 37) by using the linear relationship between mean telomere fluorescence from ∼4000 telomere ends and distribution of telomere lengths of HCT116 cells as established by TRF.
Conventional chromosome analyses (karyotyping)
Metaphase chromosomes were obtained from cultured BJ/hTERT shLuc and shMLH1 cells were stained with G-bands by trypsin using Giemsa with a standard protocol (38) . Metaphase images were captured with Zeiss microscope AxioImager Z2 with a PA 63×/1.4 oil objective. Slides were scanned with a horizontal movement of the microscope stage, overlapping the scanning paths by 10%. Two people independently analyzed all images to ensure data accuracy. The karyograms were prepared using the Metasystems Ikaros Imaging computer-based imaging system.
Statistical analysis
Means were compared using a Student's t-test. Proportions were compared using a binomial Z-statistic. A HolmBonferroni correction was used on all multiple pairwise comparisons to control for familywise-error.
RESULTS
MLH1 deficiency has little, if any, effect on telomere maintenance
To determine whether MLH1 deficiency impacted telomere maintenance, we first examined telomere length with the TRF assay using two cell lines from different origins: first, the MLH1-deficient human colorectal tumor cell line HCT116 and its isogenic cell line complemented with wildtype MLH1, HCT116
MLH1 (39) and second, HeLa depleted of MLH1 with two shRNA sequences. Western blotting confirmed the absence of MLH1 expression in HCT116 and MLH1 knockdown in HeLa ( Figure 1A and C). Due to the partial depletion of MLH1 in HeLa cells, we then used an independent assay to test MLH1 deficiency. It is well established that MLH1 deficiency leads to resistance against the cytotoxicity induced by MNNG, an alkylating agent that induces DNA damage (40) (41) (42) . As shown in Supplementary Figure S1 , both HCT116 and HeLa shMLH1 knockdown cells displayed resistance to MNNG, further confirming MLH1 deficiency. TRF analysis showed no significant difference in telomere length between HCT116 and HCT116 MLH1 ( Figure 1B ), or between HeLa control and MLH1 knockdown cells ( Figure 1D) .
We also performed telomere FISH to analyze various telomere abnormalities including end-to-end fusions, fragile telomeres, and telomere sister chromatid exchanges (T-SCE). No significant change was observed between control and MLH1 deficient cells in either HCT116 or HeLa cell lines (Supplementary Figure S2) . Taken together, we conclude that MLH1 deficiency has little effect on telomere homeostasis in telomerase-positive cancer cells. Our results are consistent with previous reports showing that MLH1 deficiency yields little effect on global telomere length or T-SCE in colon cancer cells (43) , and that telomere shortening rate was not significantly affected by MLH1 deficiency in leukocytes derived from Lynch syndrome patients (44) .
MLH1 deficiency increases TSI
While analyzing metaphase chromosomes, we observed that silencing MLH1 by two different shRNA sequences in- creased the formation of ITSs (Figure 2A and B) . In this experiment, double-blinded FISH analysis was performed to eliminate possible human bias. Expressing RNAi-resistant MLH1 in knockdown cells restored TSI suppression (Figure 2C ), suggesting that TSI was specifically induced by MLH1 deficiency.
To test whether this phenotype was cell line specific, we performed telomere-FISH in HCT116 and it isogeneic MLH1-complemented cell line HCT116
MLH1 . Similar to HeLa cells, HCT116 cells showed elevated TSI frequency, and complementing MLH1 in HCT116 reduced the frequency of TSI ( Figure 2D ). Therefore, we conclude that MLH1 deficiency induces TSI.
For easy visualization to readers, only images containing strongly stained TSI signal are presented in main figures. However, it is important to point out that the majority of TSI signals were weak (<500 bp) (Supplementary Figure  S3) , which was within the range of telomeric repeats that telomerase can add in a single cell cycle (45, 46) . It is possible that longer insertions may have arisen from expansion of telomeric repeats at preexisting ITSs.
Although the frequency of TSI observed in our study was low, with ∼2-5% of chromosomes containing TSI in MLH1-deficient cells, it is highly plausible that a portion of TSI events might have fallen below the threshold required for FISH detection, and therefore, the actual frequency of TSI may be higher than that detected by telomere-FISH (E) Percentage of TSI events appearing on a single sister chromatid (single insertion) vs TSI in two sister chromatids (double insertion). In each experiment, >1500 chromosomes from each sample were analyzed and each experiment was repeated with three independent replicates. in this study. In addition, we noticed that the appearance of TSI was asymmetrical, with TSI being predominantly found on one sister chromatid (single insertion) rather than both sister chromatids of one chromosome (double insertion) in both HeLa and HCT116 cell lines ( Figure 2E ), indicating that the majority of TSIs are not stably inherited in cell proliferation.
TSI is elevated by DSB inducer and can be abolished by ATM or ATR inhibition
The incorporation of telomeric sequences at interstitial chromosome loci is reminiscent of DNA break rejoining. If TSI takes place at DNA breaks, we would expect that generation of more breaks would increase the frequency of TSI. To test this possibility, we treated both MLH1-proficient and -deficient cells with DSB inducer etoposide (3 M) for 2 h. Cells were then allowed to repair the induced damage after etoposide removal prior to metaphase collection. Etoposide treatment induced a marked increase in TSI frequency in HeLa with MLH1 knockdown as well as in the MLH1-deficient HCT116 ( Figure 3A and B) , indicating that TSI might occur at or near DSBs. Similar to untreated cells, the majority of TSI events occurred on one sister chromatid ( Figure 3C ).
The key regulators for sensing and repairing DNA damage in mammalian cells are ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-related) protein kinases. Since a DSB inducer increased the frequency of TSI, we then tested whether TSI was controlled by the ATM or ATR pathway. HeLa MLH1 knockdown cells were concurrently treated with etoposide and a specific inhibitor of ATM (KU55933) (47) or ATR (VE-821) (48) . Inhibition of the ATM or ATR activity was confirmed by examining the abolishment of Chk2 and Chk1 phosphorylation (Supplementary Figure S4 ). As shown in Figure 3D , ATM or ATR inhibition abolished etoposide-induced TSI, suggesting that the ATM/ATR damage response pathway regulates TSI. We also noticed that ATM and ATR inhibition reduced TSI in untreated control cells, suggesting that ATM/ATR inhibition may also suppress TSI caused by spontaneous DBS breaks (49) .
The N-terminal, but not the C-terminal domain of MLH1 is required for TSI suppression
Given that MLH1 has been implicated in signaling DNA damage (27, 29, 50, 51) , and inhibition of ATM/ATR abolished TSI (Figure 3D ), we reasoned that the damage signaling function of MLH1 might play a role in suppressing TSI. We then attempted to use domain-specific MLH1 mutants to test this hypothesis. Crystal structures of MLH1 orthologues reveal that MLH1 consists of a conserved Nterminal domain (NTD) and a C-terminal domain (CTD) that are connected with a linker region (52-54) ( Figure 4A ). The NTD of MLH1 possesses an ATPase activity that is required for its MMR function and also orchestrates DNA DSBs end processing (55) . The CTD is necessary for heterodimerization with PMS2 and MLH3 (56) and is also responsible for interacting with other proteins including EXO1 or BLM (57), and therefore is needed for mismatch recognition and excision during the MMR process. It has been reported that the NTD of human MLH1 localizes at DSBs, while the CTD alone fails to do so (27) . Thus, in this set of experiments, we utilized the RNAi-resistant full-length MLH1 and two domain-specific truncations, the NTD (containing amino acids 2-389) and CTD (containing amino acids 390-756) to determine whether the damage signaling function of MLH1 played a role in suppressing TSI. The WT and two mutants were stably expressed in HeLa cells using retroviral induction. Immunofluorescence staining showed that both truncated proteins predominantly localized in nucleus with expression comparable to WT MLH1 ( Figure 4B) . These cells were then treated with etoposide, fixed, and subjected to co-immunostaining with FLAG and 53BP1 antibodies. Both the wild-type MLH1 and the NTD were recruited to damage sites, as shown by colocalization of wild-type MLH1 or NTD with 53BP1 foci (Figure 4C and D) . In contrast, the majority of CTD failed to co-localize with 53BP1 ( Figure 4C and D) . Although it appeared visually that colocalization might have arisen from random overlaps of numerous FLAG-MLH1 foci with 53BP1, all images were taken in Z-stacks and only colocalizations present in multiple Z-stacks were considered during image analysis. Furthermore, CTD staining was equally abundant as WT and NTD, yet little random overlap existed between CTD and 53BP1 ( Figure 4C and D) . We therefore considered the observed MLH1/53BP1 colocalization to be valid. Our results suggest that deletion of the N-terminus of MLH1 abrogates MLH1's recruitment to DSBs, consistent with previous report that the NTD but not the CTD is required for MLH1 localization to DSBs induced by laser micro-irradiation (27) .
Next, we knocked down endogenous MLH1 in cells stably expressing the RNAi-resistant WT, NTD or CTD (Supplementary Figure S5 ). As shown in Figure 4E , expression of either WT MLH1 or the NTD reduced TSI to the level comparable to that in MLH1-proficient shLUC control cells, suggesting that both WT and the NTD were able to suppress TSI. In contrast, expression of CTD alone failed to suppress TSI ( Figure 4E ). Because CTD was defective in DSB response, and NTD alone was sufficient to recruit MLH1 to DSBs ( Figure 4C and D) , our data imply that MLH1's role in DNA damage response and/or mediating damage signaling may be involved in TSI suppression. It is noticeable that expression of CTD alone increased TSI frequency in shLUC control cells in the presence of endogenous MLH1, indicating that CTD might be a dominantnegative mutant that interferes with WT MLH1 function.
MLH1 deficiency-induced TSI is independent of p53 and Rb
Since MMR proteins modulate the p53-mediated damage signaling pathway and cell cycle arrest in response to both DNA damage and dysfunctional telomeres (29, 50, 51, (58) (59) (60) (61) , we then determined whether the p53 or Rb pathway was involved in regulating TSI. MLH1 was knocked down in telomerase-immortalized BJ foreskin fibroblasts (BJ/hTERT), which maintain functional p53 and Rb pathways, and BJ/E6E7/hTERT cells ( Figure 5A ), which ectopically express human papillomavirus E6 and E7 proteins that fully inhibit the functions of p53 and Rb (Supplementary Figure S6 ). We found that suppression of MLH1 in both cells induced TSI at comparable levels ( Figure 5B, C) . Thus, the induction of TSI is independent of the functional status of p53 or Rb.
MLH1 deficiency-induced TSI is dependent on telomerase
Since telomerase is able to add telomeric repeats to free 3 ends at DNA breaks with weak sequence homology to telomerase RNA (62,63), we next set out to determine the potential involvement of telomerase in TSI generation. We depleted MLH1 in telomerase-negative BJ/E6E7 fibroblasts ( Figure 6A ). Suppression of MLH1 in BJ/E6E7 did not induce TSI in either untreated or etoposide-treated cells ( Figure 6B and C) . The failure to observe TSI in BJ/E6E7 was unlikely due to incomplete depletion of MLH1, as MLH1 depletion in BJ/E6E7 was comparable to that in other telomerase-expressing cell lines used in this study ( Figure 6A ).
To firmly test whether telomerase activity was required for TSI, we inhibited telomerase activity in MLH1-deficient HCT116 cells with a telomerase inhibitor BIBR1532 alone or with BIBR1532 along with etoposide (64) . As shown in Figure 6D , telomerase inhibition reduced TSI frequency to baseline regardless of etoposide treatment. Together, our data suggest that TSI requires telomerase activity.
The inserted ITSs are unstable and TSI correlates with the increase of chromosome instabilities
Several observations in our study suggest that the newlyformed ITSs are unstable. First, the majority of ITSs were present at one sister chromatid instead of both chromatids ( Figures 2E and 3C ). If these sequences were stable, they would be duplicated into sister chromatids in the next cell cycle and appear at both chromatids. Second, restoring MLH1 expression in MLH1-deficient HCT116 reduced the level of TSI that preexisted in HCT116 ( Figure 2D ). Similarly, telomerase inhibition decreased preexisting TSIs in MLH1-deficient cells ( Figure 6D ), suggesting that formation of new ITSs was blocked while the preexisting ITSs were lost. These observations were consistent with previous reports that ITSs display higher levels of instability (8) (9) (10) (11) (12) (13) .
We speculated that elevated levels of TSI could potentially induce chromosome instability. Since cancer cell lines often contain multiple genetic changes, we avoided the MLH1-deficient tumor cell line HCT116. To examine chromosome instabilities after MLH1 suppression, karyotyping analysis was performed in BJ/hTERT, a cell line that is derived from normal primary foreskin fibroblasts by telomerase immortalization and displays normal diploidy with a stable genome. As shown in Figure 7A , MLH1 knockdown led to a statistically significant increase in chromosome loss. In addition, MLH1 deficiency induced a moderate but reproducible increase in micronuclei (MN) formation ( Figure  7A ), another indicator of chromosome instability (65) (66) (67) (68) .
MMR-deficient cells usually show microsatellite instability but display low levels of genome instabilities (69-71).
However, several studies have shown that MLH1-deficient HCT116 cells are heterogeneous, with 5-10% of clones propagated from parental cells containing chromosome gain and losses (69, (71) (72) (73) . In our study, a similar percentage of MLH1 knockdown cells (∼5-10%) displayed chromosome loss and MN ( Figure 7A ). Therefore, our observation is consistent with chromosome instabilities reported in MLH1-deficient cells.
To determine whether chromosome instabilities observed in BJ/hTERT cells were induced by MLH1 deficiency or by TSI, we measured MN formation and chromosome loss in telomerase-negative BJ cells as well as BJ/hTERT treated with telomerase inhibitor. If chromosome instabilities were caused by MLH1 deficiency per se and irrelevant to TSI, MLH1 depletion would be expected to induce chromosome instabilities regardless of telomerase expression. Conversely, if chromosome instabilities were associated with TSI, then telomerase activity, which is required for TSI (Figure 6 ), would also be needed for the increase of chromosome instabilities in MLH1 deficient cells. MLH1 knockdown did not induce MN formation or chromosome loss in either telomerase-negative BJ cells or telomerase-inhibited BJ/hTERT cells, as shown in Figure 7B and Supplementary Figure S7 . Thus, our results suggest that TSI correlates with chromosome instabilities and MN formation.
Since telomeric repeats are fragile sites and are prone to breakage under replication stress (74), we then performed the above analyses in cells treated with low concentration of aphidicolin (APH), which induces replication stress. APH treatment markedly increased the frequency of chromosome loss and MN formation ( Figure 7C, D) . Meanwhile, we also observed that MLH1 knockdown further elevated the frequency of chromosome breakage in APH treated cells ( Figure 7C ). The increase in chromosome instabilities appeared to correlate with the increase in TSI frequency (compare % TSI and % breakage in Figure  7C ). Similar correlation was observed in MLH1-deficient BJ/E6E7/hTERT and HeLa cells treated with APH (Supplementary Figures S8B and S8C) . Because the majority of TSI signals were weak (Supplementary Figure S3) and the frequency of TSI was low, we failed to find sufficient number of TSI-containing broken chromosomes to determine whether chromosome breakage took place at TSI sites. Nonetheless, such increase was absent in APH-treated telomerase-negative BJ cells (Supplementary Figure S8D) , indicating that elevated TSI levels likely contributed to the observed chromosome breakage, in agreement with previous observations that ITSs are prone to APH-induced breakage (75, 76) . It remains to be determined whether TSI directly causes genome instability or other mechanisms are involved.
DISCUSSION
Using unrelated tumor cell lines and telomeraseimmortalized human somatic cells, we unveil a new functional facet of MLH1 in the maintenance of genome stability in that MLH1 suppresses the appearance of telomeric sequences at intra-chromosomal regions. This is the first report that TSI can occur in telomerase-positive cells. Our results suggest that TSI likely requires telom- erase, responds to DSB inducer, and is controlled by the ATM/ATR DNA damage response pathway. Furthermore, an MLH1 mutant defective in DSB response fails to suppress TSI, suggesting that MLH1's function in DNA damage response may play an important role in inhibiting TSI. We propose that MLH1 prevents telomerase from erroneously adding telomeric sequences at DSBs in response to DNA damage.
Possible mechanism for TSI in telomerase-positive cells
TSI could potentially be caused by: (a) telomerase directly adding telomeric repeats at DNA breaks during DNA damage repair; (b) translocation of telomeric sequences to interstitial regions; (c) expansion/amplification of preexisting ITSs due to replication slippage in a way similar to trinucleotide expansion; or (d) telomere tethering to intrachromosomal loci via chromosome looping as described in telomerase-negative myoblast cells (77) and ALT cells (13) . While scenario (a) requires telomerase, scenarios (b), (c) and (d) are believed to be independent of telomerase. Our results show that TSI is dependent on telomerase and DSB inducer elevates TSI (Figures 3 and 6) , thus favoring the hypothesis that telomerase may be responsible for the addition of telomeric sequences at DNA breaks during the repair process. The proposed involvement of telomerase in TSI is not surprising, since telomerase only needs very minimal sequence homology to recognize the substrate (63) and is able to add telomeric sequences de novo onto non-telomeric DNA breaks (78) (79) (80) (81) (82) (83) (84) .
Our findings suggest a possible mechanism involving MLH1 in inhibiting TSI in telomerase-positive human cells. While the involvement of MLH1 in suppressing TSI may seem unexpected, it is consistent with the well documented role of MMR proteins in DNA damage response and repair (85) . Previous studies have shown that MMR proteins including MLH1 are recruited to damaged sites in response to DSBs (27, 28) . These proteins participate in DSB repair especially NHEJ and most likely influence the outcome of repair (17, 20, 25, 29, 55, (86) (87) (88) (89) (90) . In addition, the MMR proteins promote cell cycle arrest and/or programmed cell death in response to certain types of DNA damage as well as dysfunctional telomeres (16) (17) (18) (19) (20) (21) 60, 61, 91, 92) . Our current study confirms the recruitment of MLH1 to DSBs (Figure 4C) . Furthermore, using domain-specific mutants, we have identified that the domain required for MLH1 recruitment of DSBs is sufficient to suppress TSI ( Figure 4E ). Our results suggest that MLH1 plays important roles in processes distinct from MMR that are implicated in protecting genome stability and preventing tumorigenesis.
Two possible mechanisms may explain how MLH1 suppresses TSI. MLH1 may inhibit telomerase access to DNA breaks during the repair process, thereby preventing telomerase addition of TTAGGG repeats at damaged sites. While this model is appealing, an alternative explanation is that MLH1, likely coordinate with other proteins, may recognize the inserted telomeric sequences following telomerasemediated insertion and remove these sequences. Our present data do not distinguish these two models, warranting the need for further studies to elucidate the mechanism underlying how MLH1 counteracts telomerase-mediated TSI.
Function of MMR proteins at chromosome ends
Telomeres consist of long tract of tandem TTAGGG repeats that potentially make telomeric DNA highly susceptible to replication errors caused by DNA polymerase slippage as well as G:U mismatches owing to cytosine deamination. Surprisingly, although MMR is expected to be the primary pathway for repairing mismatches and therefore for maintaining the fidelity of telomeric DNA replication, at present little is known about the MMR process at telomeres. Instead, results from yeast, mammalian and human cell systems suggest that defective MMR proteins have diverse effects on telomere maintenance. For instance, in budding yeast, loss of MLH1, MSH2 or PMS1 promotes the recombination-based ALT pathway in telomerase-deficient cells and enhances telomerase-independent cellular proliferation and survival (93) . In humans, deficiency in human MSH6 facilitates the engagement of ALT when telomerase is inhibited (43) , but it appears that this effect is specific to MSH6 deficiency, since neither loss of MLH1 nor MSH2 deficiency induces ALT (43) . This suggests that a subset but not all MMR components may participate in repressing telomere DNA recombination in human cells. In addition, it has been reported that mammalian MMR proteins participate in signaling dysfunctional telomeres. Abrogation of MSH2 or PMS2 attenuates p21 induction in response to short telomeres through the p53 pathway, rescuing aging pathologies associated with short telomeres in telomerase-deficient mice (60, 61) . Data presented here, together with previous telomere studies on colon cancer cell line and MLH1-deficient leukocytes (43, 44) , support that MLH1 deficiency has negligible involvement in protecting telomere stability at the majority of chromosome ends under unchallenged condition. Thus, the roles of MMR proteins on telomere maintenance appear to be highly specific to each individual MMR gene, and cannot be generalized to deficiency in MMR. Additionally, studies on telomere maintenance under challenged conditions that elevate DNA mismatches are still lacking. It remains possible that MMR components may be needed for correcting telomeric mismatches and maintaining telomere stability under challenged conditions.
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